Introduction
============

Medulloblastoma is the most frequent malignant brain tumor in children accounting for about 10% of the mortality in pediatric cancer patients.[@b1] The introduction of multimodal treatment concepts including surgery, local irradiation, and high-dose chemotherapy according to risk group and therapy response has improved the outcome of high-risk medulloblastoma patients. However, about 60%[@b2] of the high-risk patients do not survive the disease and even children surviving medulloblastoma suffer from severe long-term neurologic, endocrinological, and cognitive sequelae resulting in relevant morbidity.

High-risk medulloblastoma can either be classified clinically (metastatic disease at the time of initial diagnosis) or histopathologically (large cell or anaplastic subtype), or by molecular subtypes. Chromosomal aberration patterns (genomic amplification of the oncogenes *MYC* and/or *MYCN, gain of 17q or 6q)* and gene expression profiles (group 3 and 4) identifying medulloblastoma patients with extremely poor prognosis have been characterized.[@b3]--[@b6]

"What's new?Medulloblastoma, the most frequent pediatric brain cancer, causes death in about 60 percent of high-risk patients, and so there is a major need for novel, highly effective therapies. One therapy of interest is parvovirus H-1 (H-1PV), which was found in this study to produce marked cytotoxic effects in six medulloblastoma cell lines. Gene expression profiling revealed that H-1PV infection causes down-regulation of key regulatory genes involved in early neurogenesis, with significant repression of *MYC*. The master regulators affected may represent putative direct or indirect H-1PV target genes."

In search of promising therapeutic approaches for high-risk medulloblastoma patients, oncolytic virotherapy has been pre-clinically evaluated in a variety of cell culture systems and animal models.[@b7]--[@b9] Medulloblastoma could be shown to be a promising target for the application of self-replicating oncolytic viruses, such as reovirus, Seneca Valley virus and recombinant measles virus, inducing significant increase of survival in medulloblastoma xenograft-bearing nude mice.[@b10]--[@b13] The rodent parvovirus H-1 (H-1PV) is a non-recombinant oncolytic virus naturally occurring in rats. Although the virus is apathogenic in humans viremia and subsequent seroconversion has been reported under experimental conditions.[@b14] For high-grade glioma, the oncolytic efficacy of H-1PV has been demonstrated *in vitro* and in rat models. Long time survival has been observed after intratumoral, intravenous or intranasal virus application in both orthotopic allograft and xenograft bearing rats.[@b15],[@b16] Recently, a clinical phase I/IIa trial on adult patients with primary progressive or recurrent glioblastoma has been initiated. The present publication preclinically addressed the applicability of H-1PV to the treatment of medullo-blastoma as the most frequent malignant brain tumor in children. Subsequently, we characterized the transcriptional response to H-1PV infection in MB cells in order to identify target genes associated with virus-induced cytotoxicity.

Viral entry into human medulloblastoma cells, efficient virus replication and cellular lysis induced by the virus could be demonstrated. As a first step in the investigation of the mechanisms of selective cytotoxicity in MB, we used gene expression profiling in responsive cell lines during H-1PV treatment to identify target genes or pathways modulated by H-1PV infection and preceding cellular death. Surprisingly, among the genes we found to be most significantly repressed, several had been previously identified as overexpressed in primary medulloblastoma samples and to be associated with poor prognosis. These direct or indirect H-1PV target genes are well characterized morphogens of early embryonic CNS development and potent mitogens in medulloblastoma formation or metastatic spreading such as MYC,[@b17],[@b18] NFIA and NFIB.[@b19]

Material and Methods
====================

Cell culture
------------

The human medulloblastoma cell lines D425, D458 and DAOY, were purchased from the ATCC. MED8A were a friendly gift from Michael D. Taylor (Toronto, ON, Canada). ONS76 was obtained from the Institute for Fermentation (Osaka, Japan), and UW228-2 cells were provided by John Silber (Seattle, WA). All cell lines were cultured at 37°C, 5% CO~2~ in different media containing 100 units of penicillin and 100 μg of streptomycin per ml, and 10% FCS. The cell lines DAOY, MED8A, ONS76 and UW228-2 were kept in DMEM, the cell lines D425 and D458 in improved MEM. The culture conditions for the MYCN over expressing neuroblastoma cell line WAC-2 were published previously.[@b20] Primary human infant astrocytes were obtained in 2003 during routine neurosurgical treatment by Marta Herrero y Calle, Department of Neurosurgery, University Hospital Freiburg, as published previously. Informed consent was obtained from all parents/patients in this study before the neurosurgical procedure.[@b20] They were cultured in DMEM supplemented with astrocyte growth supplement (ScienCell, Carlsbad, CA). HCN1A infant cortical neurons were obtained from the ATCC and cultured in neuronal growth medium (ScienCell, Carlsbad, CA).

Virus production and infection
------------------------------

Wild-type H-1PV was produced by infecting NBK-324K human embryonic kidney cells. The recombinant, replication-deficient parvovirus H-1 expressing EGFP (H-1EGFP) was produced by co-transfection of 293T cells with the recombinant vector DNA and a helper plasmid expressing the viral capsid genes as previously described.[@b21] Virus purification was performed by filtration (maximal diameter of particles 0.2 μm) and subsequent iodixanol gradient centrifugation (Visipaqueμ, Amersham Biosciences Europe, Freiburg, Germany). The contamination of virus stocks with endotoxins was below 2.5 EU/ml.

Detection of infectious H-1PV particles by dot blot assay
---------------------------------------------------------

Virus titers were determined as described previously.[@b22] Briefly, NB-324K cells were seeded in 96-well plate 24 h before the assay. Cells were infected with 10-fold serial dilutions of the virus preparation and incubated for 72 h at 37°C, 5% CO~2~. After alkaline lysis applying 0.75 M NaOH, DNA was transferred to a nylon membrane, cross-linked, and hybridized with a NS-1 specific, ^32^P-labeled probe and detected by autoradiography on X-ray films. All titration experiments were performed in triplicates.

Immunofluorescence staining and microscopy
------------------------------------------

In a 96-well plate cells were seeded in a density of 2,500 cells per well and either infected with MOIs of 1 or 10 p. f. u per cell of the wild type H-1PV virus or mock-infected with the same volume of 40% iodixanol (Visipaqueμ, GE Healthcare, Chalfont St Giles, U.K.) in Ringer solution. After 24 h infection cells were fixed in precooled methanol and acetone, and immunofluorescence for NS1 and Lamin β was performed as published previously.[@b23] Immunofluorescence was documented by confocal microscopy and the OLYMPUS FLUOVIEW 3.0 Viewer software and counted subsequently. Phase contrast images were generated by inverted phase contrast microscopy (Olympus; Model CKX41) using Cell B software (Olympus, Hamburg, Germany) or an Olympus digital camera.

Assessment of cell viability and lysis
--------------------------------------

After treatment the metabolic activity of the cells was tested using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and cell lysis was determined by measuring the release of lactate dehydrogenase (LDH) into the culture medium. Cells were seeded in 96-well plates and either mock-infected as described above or infected with H-1PV at increasing MOIs. Cells in 4 out of 11 wells infected with a defined virus dose were lysed with detergent 72 h after treatment. Subsequently, 50 μl of the supernatant from all wells were transferred into a new plate to perform the LDH-release assay using the Cytotox96 cytotoxicity assay kitμ (Promega, Mannheim, Germany) as described by the manufacturer. Cells were further incubated with 0.8 μg/ml MTT for up to 1 h. The supernatant was discarded and cells were allowed to dry. Subsequently the dye was redissolved in 100 μl of 2-propanol. Absorbance was measured photometrically (Multiscan Plusμ, Titertek Instruments Inc., Huntsville, AL) at 495 nm for the LDH-release assays and 570 nm for the MTT-tests.

Real-time proliferation measurement
-----------------------------------

Proliferation of the cells was measured based on real-time impedance measurement in intervals of 30 min using the xCELLigence system for real-time proliferation measurement (xCELLigence SP and MP, Roche Applied Science, Mannheim, Germany). For medulloblastoma cell lines, 3,000 cells per well were seeded in a 96-well plate (E-plate 96, Roche Applied Science, Mannheim, Germany) and the proliferation index was recorded in multiplicates of 10 wells infected with a defined virus dose until the non-treated control cells reached confluence and eventually died. Dose--response curves and resulting LD50s were calculated by analysis of 10 wells per dose according to the manufacturer's advice. Due to the low cell proliferation rate in HCN1A culture of non-transformed infant neurons, 10,000 cells per well were seeded and only triplicates were analyzed.

Total RNA preparation of cell lines
-----------------------------------

RNA from cell lines was extracted by phenolic extraction adding Trizol (Invitrogen, Carlsbad) solution, and further purified using RNeasy mini columns (Qiagen, Hilden, Germany) according the manufacturers' instructions. Quality and quantity of RNA were determined by absorption measurement in an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) and NanoDrop ND-100 (NanoDrop Technologies, Wilmington, DE). Only high quality RNA (RNA Integrity Number of minimum 7.0) was used for array analysis.

Array-comparative genomic hybridization
---------------------------------------

As previously described, array-CGH analyses were carried out for the six medulloblastoma cell lines at an average probe spacing of 0.4 Mb.[@b3]

Microarray analysis
-------------------

RNA was hybridized to the 4x44K feature Agilent Whole Human Genome Oligo Microarray following the manufacturer's instructions, as described previously.[@b24] All hybridization experiments were investigated by labeling tumor sample against commercial reference probes (normal brain pool (cerebellum), Clonetech, Mountain View) and were scanned in a two-color Agilent Scanner G25505B (Agilent Technologies, Santa Clara, CA) according to the manufacturer's specification. Normalization of raw signals was performed using vsn.[@b25] Based on BLASTing the probes' sequence information against the genome, biological annotations were retrieved from EnsEMBL database (version 54, NCBI Build 36 of the human genome reference sequence).

Biostatistics and bioinformatics
--------------------------------

Missing Agilent transcript data were imputed using *k*-nearest neighbor imputation, as described previously.[@b26] The first objective was to identify clones that are regulated in cells showing significant oncolysis in response to H-1PV (cell lines DAOY, D425, D458, MED8A, and UW228-2) at any time point compared to baseline reference, which allows statistical testing. In consequence, only clones with similar up- or down-regulation in all five cell lines were selected. The five cell lines were treated as replicates of the same condition in order to allow for statistical testing. The empirical Bayes approach was used to identify differentially expressed genes.[@b24] The selection of genes was based on the moderated *F* statistics. Benjamini-Hochberg correction was applied in order to keep the false discovery rate (FDR) at 5%. *p* Values of 0.05 or below were considered significant. All biostatistical and statistical analyses were performed with the R/Bioconductor software environment, Version 2.11/2.6 using add-on R packages as previously described.[@b24]

Quantitative real-time PCR analysis
-----------------------------------

Quantification of mRNA expression for selected candidate genes was performed by real-time quantitative PCR (QRT-PCR) using the ABI PRISM® 7700HT Sequence Detection System Instrument (Applied Biosystems, Applera Deutschland GmbH, Darmstadt, Germany). Total RNA was isolated and reversely transcribed as described previously.[@b24] Primers were obtained from Sigma-Aldrich. QRT-PCR reactions were performed with the power SYBR® green PCR master mix according to the manufacturer's instructions in a MicroAmp optical 96-well reaction plate with an ABI PRISM® 7700HT sequence detector (Applied Biosystems). Gene expression levels were normalized to HPRT1 and SDHA expression, which was used as a control housekeeping gene.

Western Blot Analysis
---------------------

Cells (10^6^) were either mock-treated with 10% iodixanol (Visipaqueμ, Amersham Biosciences) or infected with 1 p. f. u. of H-1PV per cell. At indicated time points, cells were harvested with a cell scraper, pelleted, and washed with PBS, and cell pellets were kept at --80°C until further analysis. Cells were allowed to lyse in RIPA lysis buffer for 1 h on ice. Lysates were centrifuged at 15,000*g* for 30 min at 4°C. Protein concentrations in the cell lysates were determined photometrically according to the manufacturer's advice (BIO-RAD protein assay, Bio-Rad GmbH, München, Germany). A total of 10 μg of extracted proteins were fractionated by 9% SDS-PAGE, and transferred to nitrocellulose membranes (Schleicher & Schüll, Kassel, Germany). For the detection of viral proteins, polyclonal rabbit antisera (kindly provided by Dr. N. Salomé) were used: MK-3 raised against the viral NS1 protein,[@b27] and anti-VP1 and anti-VP2 against the viral proteins VP1 and VP2 respectively.[@b20],[@b28],[@b29] For the detection of putative cellular protein targets of H-1PV, the following commercially available antibodies were applied: monoclonal mouse anti-human c-myc (clone 9E10), polyclonal rabbit anti-human NF1A (Sigma-Aldrich), and polyclonal rabbit anti-human NFIB (Sigma-Aldrich, Hamburg, Germany). Bound first antibodies were detected using horseradish peroxidase-conjugated IgGs (goat anti-mouse IgG-HRP, clone sc-2005, and goat anti-rabbit, clone W401B, Santa Cruz Biotechnology, Santa Cruz (CA)) in dilutions from 1:2,500 to 1:5,000. Chemoluminescence was assayed as described previously.[@b30]

Results
=======

Medulloblastoma cells are competent for parvovirus transduction
---------------------------------------------------------------

Using recombinant H-1EGFP, virus-mediated transduction was confirmed for all six MB cell lines (data not shown). Entry of wild-type H-1PV virus and onset of replication could be demonstrated by immunofluorescence detection of NS-1 expression in all six MB cell lines tested 24 h after infection (Fig. [1*a*](#fig01){ref-type="fig"}). The fraction of NS-1 expressing cells varied between the different MB lines, however not being of high statistical significance (*p* ≥ 0.04) (Fig. [1*b*](#fig01){ref-type="fig"}). In contrast, no relevant NS-1 expression was detected in cultures of pediatric astrocytes with the same dose of wild-type H-1PV (Figs. [1*a*](#fig01){ref-type="fig"} and [1*b*](#fig01){ref-type="fig"}). Quantification of the proportion of NS-1 positive cells (Fig. [1*b*](#fig01){ref-type="fig"}) significantly differed between each of the MB cell lines and infant astrocytes, which were analyzed as non-transformed control cells (determined by *t*-test, *p* \< 0.001).

![Permissiveness of medulloblastoma cells for parvovirus H-1 (H-1PV) infection and onset of replication Medulloblastoma cells or infant non-transformed astrocytes were infected with 1 plaque forming unit per cell of wild type H-1PV, fixed after 24 h, and examined by confocal microscopy after immunofluorescence staining for the nuclear membrane protein Lamin beta (green) and for the viral protein NS-1 (red). (*a*) Representative pictures of indicated cell cultures after mock (three left panels) or H-1PV infection (three right panels). (*b*) The proportion of NS1-expressing medulloblastoma cells in a field was determined in triplicates by manual counting. Error bars indicate standard errors of the mean.](ijc0134-0703-f1){#fig01}

H-1PV infection of MB cells was accompanied by cytomorphological changes (Fig. [2*a*](#fig02){ref-type="fig"}). Under the assay conditions used, these cytopathic effects were detected at low multiplicities of infection with IC50 doses lower than 1 p. f. u. per cell for all MB cell lines except for one (ONS76), which only showed these effects at high multiplicities of infection (Supporting Information Table [2](#sd2){ref-type="supplementary-material"}). In contrast, cultures of non-transformed infant brain cells, such as astrocytes or neurons, remained unaffected by H-1PV infection with doses below 50 p. f. u. per cell, with TCID50s that were 5,000 fold higher than in the five responsive medulloblastoma cell lines (Supporting Information Table [2](#sd2){ref-type="supplementary-material"}). These *in vitro* findings provided first indications of the therapeutic index for oncolytic virus treatment of pediatric brain tumors with H-1PV and for the clinical safety of the application to children.

![Cytotoxicity of parvovirus H-1 (H-1PV) for medulloblastoma cell lines. Indicated medulloblastoma (MB) cells were mock-treated or infected with one plaque forming unit per cell of H-1PV and analyzed for cytomorphological changes by conventional phase contrast microscopy at 72 h and 168 h after infection (*a*). Seventy-two hours postinfection cell viability and lysis was measured by MTT- (blue columns) and LDH release (red columns) assays (*b*). Real-time proliferation measurement of H-1PV treated cell lines and short term cultures of nontransformed neuroepithelial cells. The cell index correlating to the number of living cells was determined in intervals of 15 minutes. For each time point average values with standard deviation bars are displayed. In MB cell lines in multiplicates of 10 per cell line and dose of input virus applied were analyzed and the respective graphs are given in a colour code: For the MB cell lines: mock infected (red), 0.001 p. f. u. per cell (green), 0.01 p. f. u. per cell (royal blue), 0.1 p. f .u. per cell (magenta), 1 p. f. u. per cell (cyan), 5 p. f. u. per cell (violet), and 10 p. f. u. per cell (orange). For infant astrocytes: mock infected (red), 0.01 p.f. u. per cell (green), 0.1 p.f. u. per cell (royal blue), 1 p.f.u. (magenta), 10 p. f. u. per cell (cyan), 50 p. f. u. per cell (violet), and 100 p.f. u. per cell (orange); and for HCN1A cortical neurons: Untreated (red), mock infected (green), and 100 p. f. u. per cell (royal blue). A comparative analysis was performed in cultures of non-transformed infant astrocytes (multiplicates of ten) and cortical neurons (triplicates) (C).](ijc0134-0703-f2){#fig02}

H-1PV infection of medulloblastoma cell lines is lytic
------------------------------------------------------

The viability of infected medulloblastoma cells was quantified by MTT assay at 72 h and 168 h after infection with H-1PV in a dose range from 0.001 p. f. u. to 50 p. f. u. per cell. In all six medulloblastoma cell lines, a dose-dependent reduction of cellular viability was observed at day 3 after infection (Fig. [2*b*](#fig02){ref-type="fig"}). In order to confirm that H-1PV had a lytic infectious cycle in medulloblastoma cells, cell lysis was quantified by determining extracellular LDH activity in the supernatant. At 72 h after infection, lytic infection was observed in all MB cell lines, and dependent on the dose of input virus administered (Fig. [2*c*](#fig02){ref-type="fig"}). In five medulloblastoma cell lines (D425, D458, DAOY, MED8A, and UW228-2) this dose-dependent cytotoxic effect increased over time (Fig. [2*a*](#fig02){ref-type="fig"}), suggesting that H-1PV is able to replicate and spread in these lines.

The oncolytic effects of H-1PV on medulloblastoma cells were confirmed by real-time proliferation measurement. H-1PV infection resulted in the time-dependent suppression of growth and eventual cell death in the five responsive MB lines (Fig. [2*b*](#fig02){ref-type="fig"}, Supporting Information Table [2](#sd2){ref-type="supplementary-material"}). In agreement with their above-mentioned greater resistance to H-1PV infection, the medulloblastoma cell line ONS76 and normal infant astrocytes were not eradicated in the dose-range tested.

H-1PV replicates in medulloblastoma cells
-----------------------------------------

Extensive cell lysis was induced by H-1PV in the five responsive MB cell cultures over time after infection at low MOIs of 0.05 p. f. u. per cell or less, arguing for efficient virus replication and spreading in these cell cultures. In order to quantify virus production in medulloblastoma cell lines, we first determined the increase in titers of DNA-containing viral particles (QPCR-assay) in the culture supernatant 72 h after infection (Fig. [3*a*](#fig03){ref-type="fig"}). To confirm the release of fully infectious of H-1PV progeny virions, supernatants were then tested over time for virus titers as measured by dot blot assay (Fig. [3*b*](#fig03){ref-type="fig"}). In the five responsive medulloblastoma cell lines (DAOY, D425, D458, MED8A, and UW228-2), a significant production of infectious H-1PV virions was detected. Virus multiplication was especially striking in two of the three MYC-amplified MB cell lines (D425 and D458) which sustained 100- to 7,000-fold amplification of input virus within 72 h after infection. Consistent with the greater resistance to H-1PV cytotoxic and cytostatic effects described above, the nonresponsive cell line ONS76 supported no or little virus production.

![[h-1pv]{.smallcaps} replication in medulloblastoma cell lines. Cells were infected with one plaque forming unit per cell of wild type Parvovirus H-1 (H-1PV). At given intervals after infection, supernatants from triplicate cultures were harvested, and the virus titers were determined by quantitative RT-PCR (genomic viral DNA titers, *a*) and infectious center assay (infectious titers, *b*). Average values are shown with standard deviation bars.](ijc0134-0703-f3){#fig03}

Parvovirus-responsive medulloblastoma cell lines harbor cytogenetic features of high-risk medulloblastoma
---------------------------------------------------------------------------------------------------------

The panel of six pediatric medulloblastoma cell lines tested was categorized with regard to genomic aberrations associated with high-risk in medulloblastoma patients such as genomic amplification of MYC or MYCN, and chromosomal gain of 6q or 17q[@b3] by array Comparative Genomic Hybridization (aCGH) and p53 mutation status as shown in Supporting Information Table [1](#tbl1){ref-type="table"}. According to the present aCGH data, MED8A, D425 and D458 cells constitute a subset of MB cell lines characterized by genomic amplification of MYC (Fig. [S1](#sd1){ref-type="supplementary-material"}, Supporting Information Tables [1](#sd2){ref-type="supplementary-material"} and [3](#sd2){ref-type="supplementary-material"}) with an additional genomic amplification at the MYCN locus in D425 cells (Supporting Information Fig. [S1](#sd1){ref-type="supplementary-material"}). All changes were detected in the panel, namely gain of 6q in UW228-2, and gain of 17q in D425, D458, MED8A, and ONS76 cells. In a whole genome expression array analysis comparing expression profiles of the MB cell lines to that of samples of non-transformed cerebellum, overexpression of MYC could be quantified and was observed in all cell lines except for DAOY (Supporting Information Table [3](#sd2){ref-type="supplementary-material"}). Thus, except for DAOY, all MB cell lines tested harbor molecular or cytogenetic features of high-risk medulloblastoma.

Expression of distinct cellular target genes is transcriptionally dysregulated upon H-1PV infection of responsive medulloblastoma cells
---------------------------------------------------------------------------------------------------------------------------------------

As a first step in the investigation of the molecular mechanisms underlying H-1PV toxicity in MB cells, we identified the sets of cellular genes which are either transcriptionally up- or down-regulated in all five responsive MB cell lines (D425, D458, MED8A, DAOY, and UW228-2) at time points post infection preceding cell death, and whose expression is not affected or inversely modulated in the poorly responsive MB cell line ONS76. Figure [4](#fig04){ref-type="fig"} lists the cellular genes which are up-regulated or down-regulated most significantly in course of H-1PV infection. These gene subsets could be assumed to comprise candidate genes whose expression dysregulation contributes to H-1PV toxicity for MB cells.

![Parvovirus [h-1]{.smallcaps} induced changes in the transcriptional profiles of medulloblastoma cells. Effects of Parvovirus [h-1 (h-1pv)]{.smallcaps} on mRNA expression patterns in responsive medulloblastoma cell lines were determined by whole genome oligonucleotide microarray analysis at 24 h intervals after H-1PV infection with one plaque forming unit per cell in five responsive medulloblastoma cell lines (MED8A, D425, D458, UW228-2, and DAOY) versus the resistant cell line ONS76. Genes showing continuous differential expression after H-1PV treatment at the time points analyzed in all responsive medulloblastoma cell lines were included in the statistical analysis. Genes with most significant differential expression in course of H-1PV infection were determined by LIMMA (FDR \< 5). Thereof expression levels of the 25 genes most significantly repressed (upper panel) and the 25 genes most significantly induced (lower panel) at 72 h after infection are shown.](ijc0134-0703-f4){#fig04}

Among the genes consistently up-regulated in course of H-1PV infection in MB cells some may play relevant roles in virus-host cell interactions, such as ILR4I1 and IL23A possibly involved in the innate anti-viral immune response, MMP1 and PPM1F related to the cells' capability of migration and genes inducing neuronal differentiation such as RUNX1 or DUSP3 (Fig. [4](#fig04){ref-type="fig"}). Although these candidates remain to be confirmed by functional experiments two interesting clues were provided by the present analysis.

Repression of regulator genes involved in early stages of CNS development and in medulloblastoma formation precedes H1-PV cytotoxic effects in H-1PV responsive MB cell lines
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The only gene found to be significantly repressed as early as 24 h after H-1PV infection in all responsive MB cells encodes LAMA1, a potent mitogen in granule cell precursor cells.[@b31] Furthermore, the 20 cellular genes whose transcription was continuously further repressed within the first 72 h after H-1PV infection of responsive MB cells and showed most significant repression include a number of other genes known to control the neural progenitor state in early embryonic development, such as ZIC1, MYC, FOXG1, FLRT3, NFIA and NFIB (Fig. [4*a*](#fig04){ref-type="fig"}).

In a comparative analysis in all five responsive MB cell lines 72 h post H-1PV infection (MOI = 1 p. f. u. per cell) repression was most significant for ZIC1. In a separate data analysis in the subset of MYC amplified MB cell lines MYC is the gene most significantly repressed (*p* \< 0.0001) and repression of MYC was strongest in these cells (Supporting Information Table [3](#sd2){ref-type="supplementary-material"}). The H-1PV induced transcriptional repression of these master regulator genes of neurogenesis was exemplarily confirmed for MYC, NFIA and NFIB at the transcriptional level by qRT-PCR (data not shown) and at the protein level by Western Blot of all responsive cell lines, as shown in Figure [5](#fig05){ref-type="fig"}. On the transcriptional level, MYC is the only common cellular target gene to H-1PV infection identified by expression profiling in two independent studies, the present one and previously published work on hepatocellular carcinoma cells,[@b32] see Figure [5*b*](#fig05){ref-type="fig"}.

![(*a*) Validation of cellular targets for parvovirus [h-1 (h-1pv)]{.smallcaps} dependent repression in all responsive medulloblastoma cell lines at protein level. Steady state levels of the putative H-1PV target proteins MYC, NFIA and NFIB were determined by Western blot analysis in the course of H-1PV infection. In parallel, expression of the viral proteins NS1 and VP1/2 was confirmed in the medullobastoma (MB) cell cultures infected. Results are exemplarily shown for the MYC amplified cell lines D425, D458, and MED8A and compared to the partially resistant cell line ONS76. (*b*) Venn-diagram displaying common cellular targets of [h-1pv]{.smallcaps} in all responsive MB cell lines (left panel) compared to those in the hepatocellular carcinoma cell line QGY-7703 (right panel). The expression profiling data characterizing the transcriptional response to oncolytic H-1PV infection has already been published.[@b35] \[Color figure can be viewed in the online issue, which is available at [wileyonlinelibrary.com](http://wileyonlinelibrary.com).\]](ijc0134-0703-f5){#fig05}

Pathway analysis of the major H-1PV genes induced or repressed in high-risk MB cell lines responsive to H-1PV infection
-----------------------------------------------------------------------------------------------------------------------

These findings prompted us to perform a systematic pathway analysis of putative H-1PV target genes identified (see Fig. [4](#fig04){ref-type="fig"}). This analysis was focused on the genes found to be transcriptionally dysregulated by infection in the completely responsive H-1PV MB cell lines showing the molecular and cytogenetic features of high risk medulloblastoma (D425, D458, MED8A, and UW 228-2, Supporting Information Tables [1](#sd2){ref-type="supplementary-material"} and [3](#sd2){ref-type="supplementary-material"}).

Interestingly, the Wnt signaling pathway was the third most significantly disturbed pathway upon infection of these cells with H-1PV (*p* = 0.0023). Indeed, genes encoding the Wnt receptors FZD3 and FZD5 were among the genes most significantly repressed in H-1PV infected responsive MB cell lines (Fig. [4*a*](#fig04){ref-type="fig"}). Furthermore, expression of the signal regulatory protein α1 encoding gene (SIRPA) is one of the genes most strongly induced in these cells. Both subsets of KEGG pathway analyses, either focusing on MB cell lines harboring genomic amplification of MYC (Table [1](#tbl1){ref-type="table"}; A) or on MB cell lines harboring cytogenetic features of high-risk MB (Table [1](#tbl1){ref-type="table"}; B) showed highly significant dysregulation in the expression of genes related to Wnt signaling (p \< 0.01). Thus, H-1PV infection is likely to result in the impairment of Wnt signaling in responsive medulloblastoma cell lines prior to the onset of cell death.

###### 

Pathway analysis of potential host cell genes targeted by parvovirus [h-1]{.smallcaps}

  *p* Value   Pathway
  ----------- -----------------------------------------
  **A**       
  0.0004      Pathogenic *Escherichia coli* infection
  0.0005      Spliceosome
  0.0023      Wnt signaling pathway
  **B**       
  0.000026    Steroid biosynthesis
  0.0013      Ether lipid metabolism
  0.0018      TGF-beta signaling pathway
  0.0056      Wnt signaling pathway
  0.0095      GnRH signaling pathway
  0.0102      Jak-STAT signaling pathway

[a kegg]{.smallcaps} pathway analysis was independently performed for the three MYC/MYCN amplified medulloblastoma (MB) cell lines (A) and for the five responsive MB cell lines with cytogenetic features of high-risk medulloblastoma (B).

Discussion
==========

Compared to other antineoplastic agents, self-replicating oncolytic viruses offer striking advantages, including the ability to establish an effective virus titer by replicating in initially infected malignant cells. In five out of six human medulloblastoma cell lines, efficient H-1PV multiplication was confirmed. *In vitro* these cell lines undergo H-1PV induced cell lysis after infection with much lower titers of input virus than cell culture models of adult brain tumors such as glioblastoma.[@b33] A selective toxicity of H-1PV to a panel of different medulloblastoma cell lines harboring molecular and genomic features high-risk medulloblastoma could be demonstrated. The present data on human brain cells confirm that recombinant H-1PV is able to enter non-transformed infant brain cells---but with low efficacy. However, viral transduction by wild type H-1PV and expression of its main cytotoxic viral protein NS-1 is restricted to the medulloblastoma cells analyzed.

In contrast, transplacental H-1PV infection in hamsters and rats has been shown to be pathogenic indicating a strong tropism to embryonic tissues derived from all three germinal layers. After pre- or perinatal infection rats being the natural host organism seem to be especially prone to H-1PV induced neurotoxicity. H-1PV had been reported to induce hypoplasia of the cerebellum in newborn rats after late embryonic and early neonatal infection. Histopathologically, this developmental disorder corresponded to a virus induced selective induction of apoptosis in granule cell neurons.[@b34] Published preclinical data obtained in adult glioblastoma-bearing rodent models suggest clinical safety of H-1PV. Even the intracranial application of the virus into rats after the neonatal period could not be associated with any neuropathogenicity in the natural host of the virus.[@b33]

In conclusion, the observation of a selective neurotropism of H-1PV in rats after perinatal or early postnatal infection to granule cell precursor cells raised concerns with respect to the clinical safety of an intracranial application of H-1PV to infants. This well-defined neurotoxicity has been described for H-1PV infections occurring during the first postnatal week in the natural host organism. In contrast, no infection by wild type H-1PV has been observed in mice. Thus, the conclusions to be drawn from neonate rodent models for the safety issues of H-1PV application in infant human patients remain limited.

The present *in vitro* data on human infant brain cells do not show significant effects of H-1PV infection on the viability of non below a titer of 50 p. f. u. per cell, which confirms previously published data.[@b20] However, human granule cell precursor cells have not been available for an *in vitro* analysis of cytotoxic effects induced by H-1PV. The present data on human infant brain cells imply clinical safety of H-1PV in children. Based on the present and previously published data, however, adverse effects of H-1PV infection on the developing brain cannot entirely be excluded.

The selective cytotoxicity of H-1PV to embryonic granule cell precursor (GCP) cells in the natural host organism may be mediated by repression of the key regulator genes indicating a virus induced disruption of main embryonic signaling pathways. The parallels between the molecular control of GCP proliferation and the formation of medulloblastoma are one of the best characterized examples of the crucial role of developmental molecular pathways in oncogenesis.[@b35] In course of H-1PV infection the repression of regulator genes maintaining proliferation of rodent granule cell precursor cells may contribute to its selective toxicity to the granule cell layer of the cerebellum in embryonic and newborn rats.

We hypothesized that an analogous transcriptional response to H-1PV infection mediates its selective cytotoxic effects in human medulloblastoma cells. Among the genes induced in course of H-1PV infection IL4I1 and IL23A have been shown to play key roles in innate immune response. MMP1 and PPM1F over expression have been demonstrated to be related to increased cell migration in cancer cells, but have not been studied in MB yet.[@b36] Other genes induced have shown to play relevant roles in the induction of neuronal differentiation such as DUSP3[@b37],[@b38] or RUNX1, which induces differentiation in early dorsal root precursor cells.[@b39] However, the role of these genes in the embryonic development of the cerebellum or in MB formation remains unclear.

Among the genes most significantly repressed in course of H-1PV infection of responsive medulloblastoma cell lines we identified a cluster of genes highly enriched for functional association to the control of a neural progenitor state in cerebellar neurogenesis. These included members of the Wnt signaling pathway, such as FRZ3, FRZ5, and SIRPA, and known Wnt-target genes exerting key regulatory functions on early neurogenesis such as NFIA and MYC. Moreover, other, unrelated key regulator genes of early neurogenesis such as ZIC1, FLRT3, or FOXG1 could be identified.

ZIC1 is one of the earliest regulators of neural induction during embryonic development.[@b40] Heterozygous deletions of ZIC1 in mice have been shown to induce decreased postnatal granule cell progenitor proliferation and to lead, thereby, to reduction of cerebellar size in affected animals. The functional role of ZIC1 promoting the proliferation of granule cell progenitor cells could be demonstrated to be dependent on SHH signaling.[@b41] Overexpression of ZIC1 has been shown to play a crucial role in the development of Wnt signaling dependent MB in a beta-catenin mutant mouse model.[@b42]

FOXG1 also is a master regulator of neural differentiation that has been demonstrated to be able to induce differentiation into neuronal cells by reprogramming of embryonic fibroblasts. FOXG1 is a transcriptional repressor that protects neuroepithelial progenitor cells from cytostatic and differentiation inducing signals. Excess FOXG1 expression *in vivo* is associated with neural progenitor cell overgrowth[@b43] and repression of FOXG1 is able to induce neuronal death.[@b44] Recently, FOXG1 could be shown to promote the survival of cerebellar granule neurons. FOXG1 has been shown to be frequently over expressed in MB, mainly due to genomic amplification of the FOXG1 locus.[@b45] Over expression of the MB oncogene FOXG1B has been consistently found in Group 3 and Group 4 tumors representing the subgroups with poorest prognosis in pediatric MB.[@b6]

NFIA and NFIB are members of the transcription factor I family, that encode a transcription factors which play an important role in granule cell precursor development[@b46] and medulloblastoma formation, especially in metastatic models.[@b4] Recently, NFIA has been shown to be a direct Wnt target gene with TCF/Lef binding sites in its promoter region,[@b47] thus suggesting that NFIA repression might also be mediated by down-regulation of Wnt signaling in response to H-1PV infection.

Amplification of the MYC oncogene is one of the hallmarks of malignant transformation in medulloblastoma. In childhood medulloblastoma MYC/MYCN amplification is associated with very poor prognosis.[@b6] The Wnt-group of MB characterized by the over expression of inhibitors of Wnt-signaling such as DKK1, DKK2, and WIF1 associated with the best prognosis. Over expression of MYC without over expression of Wnt-signaling inhibitors characterizes MB tumors associated with the worst prognosis referred to as Group 3.[@b4] MYC is a known Wnt target gene and has been hypothesized to play a key role in mediating the effects of SHH, WNT and PI3K/AKT in medulloblastoma.[@b48],[@b49] In transplant-bearing mouse models with orthotopically implanted neural stem cells harboring p53 mutations and inducible MYC expression the functional role of MYC over expression in conferring aggressive and metastatic medulloblastoma phenotypes has recently been demonstrated.[@b17],[@b18]

In all responsive MB cell lines H-1PV was able to repress MYC expression on the transcript level. In MYC amplified MB cell lines MYC repression could also be confirmed on protein level indicating a potential functional role of MYC repression in preventing the survival of H-1PV infected MB cells. In a data analysis focused on MB cell lines with genomic amplification of MYC, MYC was the gene being most significantly repressed in course of H-1PV infection.

The three medulloblastoma cell lines harboring genomic amplifications of MYC and thus most likely modeling group 3 MB tumors (D425, D458, and MED8A) were among the most susceptible cell lines analyzed. In these cell lines efficacy of replication was highest, which is in good correspondence with published data describing susceptibility to rodent parvovirus induced cytotoxic effects to be dependent on the over expression of the oncogenes H-ras or MYC.[@b50] Repression of MYC preceded induction of apoptosis by H-1PV, which implicates its possible functional relevance for the antineoplastic effects of the virus. This hypothesis is supported by previous data showing down-regulation of MYC expression to be among the most significant features of H-1PV infection in promonocytic leukemia and hepatocellular carcinoma cell lines.[@b28],[@b32]

Wnt/b-catenin pathway activation in Myc-immortalized cerebellar progenitor cells has been shown to inhibit neuronal differentiation and to induce tumors resembling medulloblastoma in an orthotopic rat model.[@b50] The virus-induced repression of genes involved in Wnt signaling prior to cell death (*e.g*. FZD3, FZD5, SIRPA) lead us to hypothesize a potential role of abrogation of Wnt signaling in virus induced death of MB cells. However, the mechanism by which H-1PV infection results in the repression of the cellular target genes described and subsequently induces cytotoxic effects to MB cells remains to be clarified by functional experiments.

In conclusion, the present expression data demonstrate that H-1PV infection results in repression of known genes and pathways involved in the regulation of early neurogenesis. We propose that the repression of genes responsible for the maintenance of the neural progenitor state is a key feature of H-1PV induced effects to embryonic cancer cells of neuroectodermal origin and may contribute to the ability of H-1PV induce cytotoxic effects in these cells.

Focusing on medulloblastoma as a pre-clinical model, the present study is the first to demonstrate the cytotoxic potency of H-1PV in pediatric brain tumor cells. Medulloblastoma cells prove to be very sensitive to the cytotoxic effects of H-1PV which induced cell death with an efficacy comparable to the most promising other oncolytic viruses.[@b7],[@b9] These data strongly suggest that H-1PV virotherapy may be an attractive novel treatment option for very high-risk medulloblastoma.
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